A scenario of moduli stabilisation based on the interplay between closed and open string sectors is explored in a bottom-up approach. We study N = 1 effective supergravities inspired by type IIB orientifold constructions that include background fluxes and non-perturbative effects. The former generate the standard flux superpotential for the axiodilaton and complex structure moduli. The latter can be induced by gaugino condensation in a non-Abelian sector of D7-branes and involve the overall Kähler modulus of the compactification as well as matter fields. We analyse the dynamics of this coupled system and show that it is compatible with single-step moduli stabilisation in a metastable de Sitter vacuum. A novelty of the scenario is that the F-term potential suffices to generate a positive cosmological constant and to stabilise all moduli, except for a flat direction that can be either lifted by a mass term or eaten up by an anomalous U(1).
I. INTRODUCTION
The fact that our Universe is currently undergoing a phase of accelerated expansion makes the search for longlived metastable de Sitter (dS) vacua a key step towards linking strings to cosmological data. In the last 10 -15 years, a lot of progress has been made in the issue of moduli stabilisation in dS vacua. The problem can be tackled both by a string-theoretic approach, constructing explicit backgrounds that give rise to effective actions with desirable properties, and from a bottom-up point of view, identifying models that capture general features of string constructions and solving them in search for dS solutions. In this letter we will adopt the latter approach.
In the KKLT mechanism [1] , the type IIB axiodilaton S and complex structure modulus U are assumed to be stabilised at a high scale due to nontrivial Ramond-Ramond (RR) and Neveu Schwarz-Neveu Schwarz (NSNS) background fluxes threading the internal space [2] . The outcome of the S and U stabilisation is a constant contribution W 0 to an effective N = 1 superpotential W which also incorporates non-perturbative effects coming from D-brane instantons or gaugino condensation on a stack of D7-branes [3, 4] . The latter introduce a further dependence on the Kähler modulus T which results in a superpotential of the form
where A and a are constants. With an appropriate tuning of the parameters W 0 , A and a, the superpotential in (1) stabilises the overall Kähler modulus T in an anti-de-Sitter (AdS) vacuum, fixing the size of the compactification space. Some uplift mechanism is then necessary to obtain a de Sitter vacuum. In the original KKLT scenario such an uplift was proposed based on anti-D3-branes. Alternative uplift mechanisms based on D-terms [5, 6] -possibly combined with perturbative Kähler corrections to stabilise the T modulus [7] [8] [9] [10] [11] [12] were put forward soon after.
In the D-term uplifting scenario, an open string sector in the form of a matter field M is required to enter the non-perturbative gaugino condensation superpotential [5] . This scenario was put in a gauge-invariant context by Achúcarro et al. (ACCD) in [13] (see also [14] ). The D-terms were shown to originate from an anomalous U(1) X factor in the U(N c ) = U(1) X × SU(N c ) gauge theory on a stack of N c D7-branes, where the anomaly is canceled a la Green-Schwarz [15] by the axion component of the T modulus. The stabilisation of S and U in ACCD is still assumed to happen at a high scale. The resulting superpotential now carries a dependence on the Kähler modulus T and the matter field M of the form
The F-term scalar potential coming from (2) is then combined with a positive definite D-term contribution that depends on the U(1) X charges (see sec. IV). Upon adjustment of the charges and of the W 0 parameter, a metastable dS vacuum was achieved in [13] .
More recently, the dynamics of type IIB closed string moduli when background fluxes and non-perturbative effects are considered simultaneously has been explored [16] [17] [18] . We will refer to these theories as N = 1 STUmodels, based on superpotentials of the form
The pre-factor A(S, U ) of the non-perturbative contribution to the superpotential in general depends on the axiodilaton and complex structure moduli [19] . The possibility of obtaining pure F-term de Sitter vacua with single-step moduli stabilisation has several advantages, including avoiding certain possible consistency issues with the two-step process [20] . However, the search for such vacua can be computationally difficult and often several simplifying assumptions are made, for instance on the pattern of supersymmetry breaking, in order to reduce the amount of independent variables that come into play. More dS solutions might therefore hide in those regions of parameter space where these simplifications do not hold. Another fact to take into account is that non-perturbative contributions arising from D-brane instantons or gaugino condensation often include a dependence on matter fields, associated with open string degrees of freedom, which cannot be ignored for minimisation issues. It is therefore important to investigate whether single-step metastable dS vacua occur in scenarios also including such matter contributions.
In this letter we tackle this problem from a bottom-up point of view, considering a minimal setup to model the interactions between STU moduli and matter fields. The resulting models, to which we refer as STU|M-models, are defined in terms of a superpotential of the form
When A(M ) is homogeneous in the matter field, there is a natural flat direction in the F-term induced potential. This can be either lifted by an explicit mass term or eaten up by an anomalous U(1) X . We will look at the full four (complex) field dynamics without assuming stabilisation of S and U at a higher scale. Instead, by direct minimisation of the scalar potential, we will present examples of single-step moduli stabilisation in a metastable de Sitter vacuum and discuss their main features.
II. STU|M-MODELS
The N = 1 STU|M-models we will look at are specified in terms of a Kähler potential of the form [13] 
The perturbative sector of this model matches the T 6 /Z 2 2 orientifold, restricted to the isotropic sector [21] , which we regard as a toy model of flux compactifications. With this interpretation in mind, the S and U chiral fields are the type IIB axiodilaton and complex structure moduli, respectively, whereas T is the Kähler modulus parameterising the overall size of the internal space. We take a tree-level Kähler potential for the closed string moduli Φ of the form K ∼ − log[−i(Φ −Φ)]. The field M is not part of the closed string moduli of the T 6 /Z 2 2 orientifold. We introduce it to model interactions with matter fields, possibly coming from open string sectors, induced by non-perturbative effects. These fields are taken with a flat Kähler potential [13, 14, 22] 1 and appear in the form of an overall squark condensate |M | 2 ≡ |M a | 2 , with a = 1, ..., N f running over the number of flavours N f , so that M a = 2Q aQā in terms of the original squarks (Q a ,Qā) [13] .
Interactions are encoded in a superpotential W with two contributions:
Let us first discuss the properties of T 6 /Z 2 2 flux compactifications described by moduli S, T and U and perturbative superpotential W flux (S, U ). The latter is induced by RRF 3 and NSNSH 3 background fluxes threading the internal space, giving rise to a GVW-type superpotential [24] of polynomial form
where Ω(U ) is the T 6 /Z 2 2 holomorphic three-form. The flux superpotential (7) is cubic in the complex structure modulus U and linear in the axiodilaton S. The integer flux vectors a ≡ (a 0 , a 1 , a 2 , a 3 ) and b ≡ (b 0 , b 1 , b 2 , b 3 ) respectively correspond toF 3 and H 3 background fluxes threading the (orientifold-odd) Z 2 2 -invariant three-cycles (we follow the notation of [25] ). Turning on non-trivial background fluxes generically induces a tadpole for the RR potential C 4 due to the topological term H 3 ∧F 3 ∧ C 4 in the 10D type IIB action. In the T 6 /Z 2 2 case, this translates into the algebraic relation [25] (8) where N O3 = 64 accounts for the O3-planes located at the fixed points of the orientifold action and N D3 denotes the number of D3-branes needed to cancel the fluxinduced tadpole. Note that there is an upper bound for the flux-induced tadpole (8) given by the total O3-plane charge. In contrast, there is no flux-induced tadpole for the O7/D7 sources [26] , thus setting
The second term in (6) models a simple example of non-perturbative contribution to the superpotential involving the Kähler modulus T and the matter field M . Following [13, 14] , we take the standard ADS-like superpotential of the form [27, 28] 
(9) In string theory, these contributions can be generated e.g. by gaugino condensation in a non-Abelian sector of N c D7-branes wrapped on some four-cycles of the internal space, or by D-brane instantons. However, here we do not seek a full implementation in the T 6 /Z 2 2 orbifold [14] , but rather study the resulting toy model with a bottom-up point of view. In writing (9), we are neglecting corrections to the tree-level gauge kinetic function
which in a string-theoretic framework would account for flux-dependent and/or curvature corrections possibly depending on complex structure, dilaton and open string moduli [14] . Combining fluxes and non-perturbative effects, an F-term scalar potential V F (S, T, U, M ) is obtained from (5) and (6) via the standard N = 1 formula
where K ΦΦ is the inverse of the Kähler metric
This time we have collectively denoted all the fields by Φ = (S, T, U, M ). Rewriting the nonperturbative term in (9) as W np = |W np |e iϕnp , one identifies a phase
In terms of this phase ϕ np , the potential in (11) can be expressed as
where h(S, U, Im(T ), |M |; a, b), h c (S, U, Im(T ), |M |; a, b) and h s (S, U, Im(T ), |M |; a 1 , a 2 , a 3 , b) are lengthy functions depending on the moduli fields and flux parameters we are not displaying here. It is worth emphasising that h s does not depend on the flux parameter a 0 , which is the field-independent contribution to (7). If setting all but the a 0 flux parameter to zero, and renaming it as W 0 ≡ a 0 , then the superpotential of the STU|M-model (6) reduces to that of ACCD (2).
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In the ACCD model, the scalar potential simplifies to
and has AdS extrema at ϕ np = n π , with n being an arbitrary integer [13] . This picture is nevertheless modified as long as the S and U moduli enter the flux-induced superpotential (7) and h s = 0 in (13) . The stabilisation of ϕ np yields
again with n being an arbitrary integer. However, due to the simultaneous presence of the cos and sin functions in (13) , the dS extrema we will present in the next section are only compatible with either even or odd values of n . The linear combination of Arg(M ) and Re(T ) orthogonal to (12) is associated with a U(1) symmetry of the model, hence it corresponds to a flat direction of the scalar potential. As such, it is only acceptable if associated with a Goldstone or Stückelberg field of a broken gauge symmetry. This is the case for instance if the matter fields have anomalous charges under some U(1) X , compensated by a shift in the T axion. In this case, an additional D-term potential is generated to be discussed in sec. IV. Otherwise, the U(1) symmetry can be explicitly broken by extra perturbative terms in the superpotential, such as a mass term for the matter fields.
Let us now introduce the mass 2 matrix for the eight real field components φ α inside Φ = (S, T, U, M ). It is given by
where V is the scalar potential in (11), K αβ is the inverse of the Kähler metric extracted from the kinetic terms
α ∂φ β in the real basis and φ 0 denotes evaluation at a critical point of (11) .
We close the section by pointing out a scaling feature of the STU|M-models defined by (5) and (6) . Let us first apply a rescaling of the terms entering the non-perturbative superpotential in (9) :
where λ is a scaling parameter (λN c and λN f must remain positive integers). Then, W np changes as
with λ np ≡ 2
Transforming now the fluxes and the axiodilaton field as (18) with an arbitrary β ∈ R, then the full superpotential transforms as W → λ np W whereas the Kähler potential does it as e K → λ
The outcome is an overall scaling of the potential (11) of the form
Furthermore, in the case of β = 1, the tadpole cancellation condition (8) is not affected by the scaling. We will come back to this scaling property in the next sections.
III. METASTABLE DE SITTER VACUUM
Here we present the main features of the metastable dS vacuum as well as several dS saddle points that we have found in the context of the N = 1 STU|M-models specified by the Kähler potential (5) and superpotential (6) with flux and non-perturbative contributions (7) and (9) . The dS extrema we find are compatible with a choice of parameters of the form
Recalling the O7/D7 tadpole discussion of the previous section for the toy T 6 /Z 2 2 flux model, it proves natural to take N c equal to N D7 = 32 . The number of flavours is set to N f = 1 for simplicity. We also fix k Nc = 1/2 as in [29] , in order to have a gauge kinetic function f Nc = T /4π (see (10) ). Finally, we choose background fluxes (20) which are enforced to be integers due to the flux quantisation condition. The substitution of the flux parameters (20) into the tadpole cancellation condition (8) yields N D3 = 66 . Therefore, D3-branes are required to cancel the flux-induced tadpole. A similar situation occurs in the flux-scaling scenarios of [30, 31] where non-geometric fluxes are invoked to stabilise the modulus T in an AdS vacuum. However, this is in contrast to what happens in non-perturbative IIB string scenarios of (closed string) moduli stabilisation in a dS vacuum: O3-planes are typically needed to cancel the flux-induced tadpole [16, 18] , sometimes creating some tension with the upper bound on N O3 discussed below (8) .
For our choice of parameters, the F-term scalar potential (11) possesses several dS critical points summarised in TABLE I. One of these points has positive mass eigenvalues, with the exception of the flat direction discussed in the previous section. We anticipate that it can be either eaten up by the massive vector of an anomalous U(1) X or lifted by an explicit mass term without spoiling the other properties of the vacuum. Thus, we denote the vacuum expectation value (vev) of the fields (11) . The parameters are set to the values in (19) and (20) . These points are compatible with even values of n in (14) (the case n = 0 is displayed), except saddle3 which requires odd values of n (the case n = 1 is displayed).
at this extremum as Φ min . Note that the physical requirements for a perturbative string coupling constant g 
where the heaviest mode is mostly aligned (∼ 90%) with |M |. As already anticipated, there is a flat direction associated to the axion combination orthogonal to (12) , which we will remove later on. Note also that there is no large hierarchy amongst the moduli masses as a result of the single-step stabilisation process. Therefore, the KKLT-like sequential stabilisation is not a justified approximation in this scenario. This is so also for the pattern of supersymmetry breaking. Evaluating the F-terms F Φ = e K/2 |D Φ W | at the minimum, one finds
and SUSY is broken in both the (S, U ) and (T, M ) sectors in a sizable way. More concretely, F U ∼ F T clashes with the decoupling between complex structure and Kähler moduli assumed in KKLT-like scenarios. Also, when evaluated at the minimum, there is a dynamically generated gravitino mass m 3/2 = (4π)
|W | m P of the same order as the moduli masses in (21) . In other words, m 3/2 ∼ m moduli , rendering the model unsuitable for phenomenology. 4 A sporadic search in the parameter space shows that larger values can be achieved, although we have not performed a systematic scanning of integer-valued flux parameters. Alternatively, one could invoke the scaling transformations in (16) and (18) to get larger values of Im(T min ) and Im(S min ). However, the fluxes remain no longer integer-valued after the scaling transformation.
Assuming that the flat direction is removed by one of the mechanisms to be discussed shortly, we could ask whether one of the other dS points with tachyonic directions (labeled saddle 1,2,3 in TABLE I) could accommodate for a slow-roll scenario towards the metastable vacuum. This automatically excludes saddle 3 from the analysis as it has a lower potential energy. 5 The remaining saddle 1,2 points are monotonically connected to the minimum, but the instabilities are too large to accommodate for slow-roll inflation. The presence of large tachyon masses, which is usually referred to as η-problem in supergravity, is a common feature in single-step moduli stabilisation scenarios where separation of scales does generically not occur and where the integer nature of the flux parameters does not allow for a continuous tuning.
Finally, let us consider the possibility of lifting the flat direction in (21) by explicitly introducing a mass term for the squarks [32] . This amounts to adding a term of the form µ M 2 to the superpotential in (6) with a constant mass parameter µ. For small positive values of µ, the flat direction is lifted without destabilising the original vacuum at µ = 0. The value of the cosmological constant V min decreases as long as µ increases, thus down-lifting the de Sitter minimum to either Minkowski, at certain critical value µ 0 = 0.0735053 , or to Anti-de-Sitter if µ > µ 0 , preserving stability. Similar scenarios of spontaneous SUSY breaking based on the ISS (or Polonyi) model in combination with KKLT-like models of Kähler modulus stabilisation have been investigated in the literature (see [33] and references therein). Moreover, hidden sector matter interactions were shown to succeed in (F-term) uplifting the AdS vacuum of KKLT to a dS one [22, 33, 34] .
IV. ANOMALOUS U(1)X AND D-TERMS
The solutions discussed in the previous section are obtained from a pure F-term scalar potential. However, they are also compatible with extra D-term contributions arising when the matter fields carry anomalous charges with respect to some U(1) X gauge symmetry, rendered consistent by a Green-Schwarz mechanism involving the T axion [5, 6, 35] . In a string setting, this U(1) X may arise for instance from the gauge symmetries of stacks of D7-branes [13, 14] . Contrary to the situation depicted e.g. in [13] , these extra contributions are not necessary ingredients for the existence of a de Sitter vacuum, although they are compatible with it. Rather, they provide a natural mechanism to remove the flat direction of the pure F-term potential, as it is eaten up by the massive U(1) X vector. (19) and (20) .
Consider the squark Q and anti-squarkQ to have charges q andq under a U(1) X transformation with parameter . If it is anomalous, namely q +q = 0 , then a non-vanishing D-term is generated which takes the form
where δ GS denotes the U(1) X charge of the T modulus, transforming as T → T + q(T ) , via the GreenSchwarz anomaly cancellation mechanism. There are SU(N c ) 2 × U(1) X and U (1) 3 X gauge anomalies arising from triangular Feynman diagrams, whose cancellation sets q(T ) = −δ GS /2 with [13, 35] 
(24) Therefore, the D-term contribution (23) to the scalar potential V = V F + V D is totally encoded into the choice of anomalous U(1) X charges (q,q).
We have investigated how the process of moduli stabilisation in a metastable dS vacuum described in sec. III is affected by the D-term. We stress again that in the original ACCD work [13] , which did not include the S and U moduli as dynamical fields, the presence of a nonvanishing D-term was a necessary ingredient in order to uplift an (F-term) AdS vacuum to a dS one. In our setup, the stabilisation in a dS vacuum proceeds directly due to the F-term interplay between the STU moduli and the matter fields, and the effect of turning on a D-term is just a small shift on the moduli vev's and an uplift of the cosmological constant whose size depends on the charges (q,q). The mass spectrum at the minimum gets slightly modified accordingly and the flat direction is no longer a physical direction. Some numerical results for different charge assignments are collected in TABLE II.
V. DISCUSSION
Following a bottom-up approach, we have investigated classes of N = 1 effective supergravities inspired by type IIB orientifold constructions, which include nontrivial background fluxes and non-perturbative effects. In a string theory setting, the latter can be induced by gaugino condensation in a non-Abelian sector of D7-branes and introduce a coupling between closed string modes and matter fields associated with open string degrees of freedom. We have found that a purely F-term scalar potential suffices to stabilise all the moduli in a metastable de Sitter vacuum. The mass spectrum contains a flat direction which is either eaten up by the massive vector of an anomalous U(1) X , or can be lifted by an explicit mass term. Remarkably, the stabilisation of the moduli in a dS vacuum occurs as a single-step process, thus avoiding the need for some separate mechanism to lift the cosmological constant to positive values. Some previous results on single-step de Sitter vacua do not seem to achieve a satisfactory hierarchy between the induced string and Kaluza-Klein (KK) scales on one side and the masses of the supergravity fields and the supersymmetry breaking scale on the other. Taking as working definitions for the string (m s ) and KK (m KK ) scales [36] 
a direct computation shows for instance that in [16, 18] some of the supergravity fields have masses larger than the KK and string scales. This would invalidate the effective supergravity approximation which additionally requires the moduli VEVs to remain in the perturbative regime, namely, Im(S min ) 1 and Im(T min ) 1. Interestingly, the correct hierarchy of scales can be easily obtained in certain non-geometric flux compactification scenarios [30, 31] which feature enough scaling properties to control the values of W (and thus V ), Im(T ) and Im(S) independently at the dS minimum, thus giving parametric control over the relevant mass ratios. This is achieved at the cost of introducing hierarchies amongst the fluxes.
A situation similar to [16, 18] occurs in the solution of sec. III. Although we do not have as much scaling freedom as [30, 31] , we still find that the λ-scaling in (16) and (18) is sufficient to achieve the correct hierarchy of scales in a certain window in the range of λ ( see FIG. 1) . As a result, large hierarchies amongst the fluxes are induced. Whether the above findings indicate a fundamental tension between a consistent hierarchy of scales and single-step de Sitter vacua in the supergravity regime is certainly an interesting question which should be further investigated. It would then be interesting to carry out a systematic scanning of the parameter space to search for dS vacua that yield the correct hierarchy of scales without introducing hierarchies amongst the fluxes. We postpone this thorough analysis to future work in the context of a string theoretic realisation of these scenarios.
Despite recent progress in deriving semi-analytic methods to hunt for (single-step) de Sitter solutions in the framework of N = 1 effective supergravities including (non-)geometric fluxes [37] [38] [39] [40] , (non-)perturbative effects [16, 17, 41] , etc., it still remains a big challenge to understand what are the physical principles leading to a stable de Sitter vacuum in string theory. The scenario presented here should be viewed as a proof of concept that metastable dS vacua can be obtained from F-term potentials, including matter fields and as a single-step process, in regions of parameter space that take into account flux quantisation and are usually computationally difficult to probe. This clearly opens the possibility of looking for a more thorough string realisation of the scenario we have described. This would also allow us to gain more control on certain approximations. For instance, the tree-level gauge-kinetic function in (10) could be corrected by extra flux-dependent terms, thus affecting the non-perturbative superpotential [14, 16, 19] . Also the backreaction of the (large) fluxes/D-branes on the geometry or modifications of the Kähler potential for the matter fields of the form K ∼ N f |M | 2 /Φ (Φ being some combination of closed string moduli), should be appropriately taken into account [23, 42] . We hope to come back to these problems in the future.
